A method for generating a micro-optical field by means of a spatial light modulator (SLM) is proposed. The optical field generated by SLM contains sampling frequency noise that is produced during diffraction, which is the result of the finite bandwidth of the SLM. Therefore, to generate a good quality micro-optical field, the transfer optics is necessary for demagnifying and imaging the field of the SLM. An SLM with a twisted nematic liquid crystal (TNLC) has advantages in the dynamic generation of optical fields, and the resolution of the fields is as large as the number of pixels in the SLM. In this paper, we describe the properties of an SLM with a commercial TNLC and telecentric optics, which serves to demagnify the optical field generated by the SLM. Telecentric optics demagnifies optical fields as 4f optics, and its distortion errors are negligibly small. These micro-optical fields can be measured by holographic microscopy with the aid of phase-shifting technology. Such analyses with holographic microscopy are highly suitable for measuring both the phase and the amplitude of fields. In this paper, we present three special cases that validate the feasibility and analyze the results numerically by means of holographic measurements.
INTRODUCTION
In digital holography, spatial light modulators (SLM) generate optical fields dynamically, and research on SLMs has been driven by a wide range of applications. The quality of optical fields generated by the SLM is determined by the number of resolvable pixels in the SLM. Given the current state of development in the display industry, commercial twisted nematic liquid crystals (TNLCs) for projection displays have sufficient pixels for generating fine optical fields. Ideally, a TNLC SLM has two elliptic eigenstates with their own eigen phase retardations. 1 Because of this, such SLMs have the somewhat remarkable property of being able to modulate both the amplitude and phase of an incident plane wave. These SLMs are configured by means of TNLC and polarization converters. [2] [3] [4] The generation of micro-optical fields in desirable patterns makes it possible to transport digital signals through optical interconnection and to manipulate bio-molecules with some patterned light. Therefore, the precise control of the optical field can be a very demanding task. Many * Author to whom correspondence should be addressed.
technologies for generating micro-optical fields, using the SLM have been proposed. [5] [6] [7] [8] [9] [10] Since the number of resolvable pixels in an SLM is finite, the SLM cannot generate an optical field with higher frequencies than the sampling frequency, which is defined by the number of pixels. This sampling frequency noise obviously appears in the frequency domain because the optical field in the SLM plane propagates into the focal plane of the Fourier transform lens. However, in 4f optics the demagnified field appears, not in the frequency domain, but in the real domain. Therefore, this sampling frequency noise does not appear in the demagnified field although this field is blurred by the optical stop of 4f optics. In this paper, we propose a method for generating micro-optical fields by means of demagnification with telecentric optics.
This proposed demagnification with a telecentric lens does not lead to an increase in the information in the wavefront, since the amount of the information depends only on the number of resolvable pixels in the SLM. In the reconstructed field, the multiplication of the local diffraction angle by the Nyquist width is proportional to the number of resolvable pixels. 11 12 Therefore, when the optical field is demagnified using the proposed method, the local diffraction angle increases without any changes in the amount of information.
The optical field can be measured by a phase-shifting holographic method. 13 14 To analyze the micro-optical field generated by SLM, we take advantage of holographic microscopy with the 4-step phase-shifting method. This technique has the benefit of not only simultaneously measuring the phase and amplitude of field, but also of calculating the propagation of the field. [15] [16] [17] Using this technique, we compare the measurement of the microoptical field with the designed parameters.
This paper is organized as follows. In Section 2, the configuration of the SLM using TNLC is presented, and methods for measuring the characteristics of the SLM are described. Demagnification with telecentric optics is also described. In Section 3, holographic measurements of a micro-optical field by an SLM are described. A microscopy system with 4-step phase shifts is presented, and the specifications are described in details. Experimental results are presented in Section 4. The measured results are compared with a numerical reconstruction, obtained by Fresnel transform. In Section 5, concluding remarks and perspectives on the devised system are provided.
MICRO-OPTICAL FIELD BY SLM
In this section, the configuration of an SLM using TNLC is proposed, and methods for measuring the properties of the SLM are described. In addition, the demagnification with telecentric optics is explained.
In this work, a commercial TNLC for a projection display is utilized as an SLM to take advantage of the large resolution and the small pixel size. To be more specific, an Epson L3P06X-55 having 1028 × 772 pixels with a pixel pitch of 12 m is used as the TNLC for the SLM. The TNLCs and the control box for interfacing them are shown in Figure 1 . The TNLC is manufactured for a 3-LCD projector, and each TNLC is a monochromatic device. Only a few studies have been reported on applications of an Epson L3P06X-55 used as an SLM, and hence its properties need to be measured first.
The basic configuration of the SLM involves one TNLC and two polarizers. If the TNLC has a large birefringence, the ellipticities of the eigenstates will be small and linear polarizers are sufficient for generating and detecting the eigenstates. One polarizer is placed before the TNLC to generate the proper polarization state, and the other is placed after the TNLC, to detect the modulated polarization state. The phase modulation of the SLM can be measured using wave front interferometry, as shown in Figure 2 . This interferometry splits the wave front into two paths during the propagation and then combines them. Such a measurement system is sufficiently robust for vibration. The beams passing through each slit undergo individually designed modulations. The light passing through one slit undergoes a part of the TNLC with the encoding index fixed. On the other hand, the light passing through the other slit undergoes another part of the TNLC with the encoding index gradually changing. The interference fringe on the charge-coupled device (CCD) camera moves with changes in the encoding index. The interference pattern on the CCD is given by
Here, is the period of fringe and M Phase denotes the amount of phase modulation. This modulation is calculated by
where
Here, the equation is based on the discrete Fourier transform, and N denotes the pixel number of the CCD. Figure 3 shows the characteristics of the SLM with phase modulation and amplitude modulation. The rotation angle of the input polarizer is 350 degrees, and that of the output polarizer is 330 degrees with respect to the liquid crystal alignment angle in the input plane of the TNCL. The phase modulation range covers from 0 to 2 radians, although the amplitude modulation changes in substance.
A telecentric lens is used to demagnify the optical field generated by the SLM. When telecentric optics demagnifies optical fields, its distortion errors are sufficiently small to be neglected. The telecentricity of the telecentric lens defines the passable bandwidth of the demagnifying optics. Since the optical stop is located at the focal plane within the telecentric optics, the telecentricity is determined by the aperture of the stop. Figure 4 shows a schematic of the demagnifying optics with SLM. In this paper, the Edmund gold series 0.09 magnification model is used as the telecentric lens. It transfers a 40 lp/mm (lp means line pairs) resolution image with a modulation of more than 60% and its passable bandwidth is larger than 0.025 mm −1 for a collimated light source. The spatial frequencies of the encoding indexes on SLM should be designed by taking the bandwidth of the telecentric lens into consideration. Figure 5 shows the image, after demagnification by telecentric optics, for two different configurations of SLM. Here, the rotation angles of the input/output polarizers are 330 /350 and 350 /330 , respectively, in Figures 5(a) and (b). The SLM with a 330 /350 configuration shows a definite contrast between the letters and background. Therefore, the black and white image can be regarded as binary optical apertures as shown in Figure 5 (a). The characteristics of the SLM with a 350 /330 configuration were previously presented in Figure 3 . The amplitude transmission of the SLM does not change significantly with the encoding index. The case of Figure 5 (b) is distinguished only with difficulty in spite of the same encoding index being retained as in Figure 5 (a). In this paper, we present some examples with two different configurations of SLM with both binary aperture and phase modulation.
MEASUREMENT OF MICRO-OPTICAL FIELD
In this section, the holographic measurement of the microoptical field by SLM is described. A microscopy system with 4-step phase shifts is presented, and the specifications are described in detail. Figure 6 shows a schematic of the holographic measurement system with SLM. The light source is divided into a signal arm and a reference arm, and two optical paths interfere on the CCD. In the signal arm, the SLM generates the designed optical field, and the telecentric lens transfers it with a magnification ratio of 0.09.
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Paul This micro-optical field is measured holographically by the microscope. The micro-optical field is magnified with objectives up to the dimensions comparable to the pixel size of the CCD. The reference arm is composed of a phase-shifter and compensating optics. The PZT stage, a mirror attached, is used as the phase-shifter. The polarization of the reference arm is adjusted in correspondence with the output polarizer in the SLM. The negative lens compensates for the spherical phase of the signal arm resulting from the objective.
In this paper, phase-shifting technology is applied to holographically measure the optical field. In order to implement 4-step digital holography, the phase-shifter shifts the reference wave with /2 phase interval. The interferogram with phase-shift i can be expressed numerically as
where, A S and A R are the amplitude of signal and reference waves, respectively, and is the phase of the signal wave. The phase shift i is given as an element of Figure 8 shows photographs of the proposed system for generating and measuring micro-optical fields. The implementation for generating the micro-optical field is shown in Figure 8(a) , and the complete holographic measurement system is shown in Figure 8(b) .
In this paper, a Coherent Verdi 5W Nd:YAG laser with a wavelength of 532 nm (with frequency doubling) is used as the light source. A XYZ-38 made by Piezosystem Jena is used as the piezo stage for the phase shifter, and a KODAK MegaPLUS ES1.0/MV with 8 bit resolution is used as the CCD, the pixel size of which is 9 m. A SIGMA KOKI 65GR mechanical shutter is used to automatically block the signal wave. An Olympus BXFM is used for the microscopy, and a 10× LMPlanLN is used as the long working distance objective. However, the CCD plane is placed behind desired position because the beam splitter is in front of the CCD, and the magnification of microscopy therefore increases up to 11.8.
EXPERIMENTAL RESULTS
Some experimental results are presented below, and the measured results are compared with the numerical reconstruction by a Fresnel transform. Figure 9 shows the micro-optical field with square apertures generated by the binary SLM. In Figure 9 (a), the signal wave is focused on the micro-optical field which is transferred from the SLM plane. Here, the side of the largest square positioned at the center is 104 m, and the side of the smallest square is 7.5 m. b) and (c) show the defocused images of the signal wave and the resulting phase profile, respectively. To prove the feasibility of holographic microscopy, we reconstructed the measured wave numerically. The numerical reconstruction is calculated by using the convolution form of the Fresnel transform. Figure 9(d) shows the wave, obtained by the reconstruction of a defocused measurement, where the signal wave propagates up to a value of z = −699 m. The resulting reconstructed image satisfactorily is in good agreement with the focused image, as shown in Figure 9 (a). Figure 10 shows another example generated by the binary SLM. Figure 10(a) shows the defocused signal wave, and the measured phase profile of the signal wave from the phase-shifting technology is shown in Figure 10(b) . As shown in Figure 10(c) , the diffracted micro-optical field is numerically reconstructed at the position, z = −526 m. Here, the height of the letters on the micro-optical field by the SLM is 69 m. Figure 11 shows the experimental results by SLM with phase modulation configuration. The intensity and phase profile of the signal wave are shown in Figures 11(a) and (b), respectively. The wrapped phase profile of the spherical lens is designed by
In this case, the spherical lens has a focal length of f = / × 0 09 × 12 2 /0 001 = 6 89 mm from Eq. (6). The value of the focal length is verified by the numerical reconstruction. Figure 11(c) shows the numerically reconstructed wave at the position z = 6 78 mm. The microspherical lens generated by the SLM has a small amount of error about 1 6%. This error is regarded as results from the nonlinearity and quantization errors of the CCD. Therefore, the feasibility of generating micro-optical fields with SLM is proved by the holographic measurement. We succeed in controlling the amplitude and phase profile of the micro-optical field with the resolution of less than 5 m.
CONCLUSION
In conclusion, it is shown that the optical field generated by the SLM can be successfully demagnified by telecentric optics. Although the demagnified pixel size is 1.08 m according to the demagnification of the telecentric lens, the controllable pixel size is larger than this because of the passable bandwidth of the telecentric lens. Experimentally, the resolution of the micro-optical field is proven to be less than 7.5 m. The holographic method measures both the amplitude and the phase of the signal wave by phaseshifting technology, and the propagation of the generated micro-optical wave is calculated. The reconstructed waves are then discussed with reference to the design parameters. It is expected that our proposed technique would be useful for dynamically generating and measuring micro optical fields.
